Adsorption by graphene sponge (GS) manufactured by annealing nickel-carbon powder mixture in inert atmosphere has been studied. By determining the specific surface area (SSA) for the GS sample, it has been found that Brunauer, Emmett, Teller method (BET) of approximation of experimental isotherms gives wrong results in the pressure range of 0.025-0.12 because adsorption in this pressure region is affected by walls of ampoule. Real SSA value has been found by subtracting pore effect method (SPE) or by BET approximation in a low range of relative pressure of 0.0004-0.002.
INTRODUCTION
The study is dedicated to the adsorption properties of new graphenic material graphene sponge (GS) developed by the authors [1] by annealing nickel-carbon powder mixture in inert atmosphere.
Many studies have been devoted to the adsorption properties of carbon materials [2] , [3] . It can be explained by a variety of morphological properties of carbon materials known as activated carbons, carbon blacks and carbon nanotubes, cones, fibres, bulbs, graphenes, graphene aerogels, foams and sponges [4] , [5] .
Graphene, 2D carbon allotrope, has drawn significant interest among scientists due to intriguing properties since 2004 [6] . In recent years, the assembly of graphene into macroscopic (3D) structures has attracted intensive interest because the use of 3D graphene is one of the most effective ways of applying the unique properties of 2D graphene nanosheets in practice [4] , [7] . Graphene 3D structures consist of flexible graphene nanosheets, which are interconnected into porous networks.
Several different names have been used for such structures, namely, graphene foam, sponge, aerogel and monolith. Among the attractive applications, graphene sponges have been used as adsorbents for various pollutants [5] . For instance, less than 3.5 kg graphenic carbon foam can absorb 1 ton petroleum, promising great potential in the applications of oil spill and pollution treatments [7] .
It is well known that the pore size and its distribution are important factors determining the adsorption properties of different adsorbents. It is of interest to relate the adsorption properties of the GS to its morphological structure and to elucidate the possibilities of changing this structure during the preparation of the GS.
EXPERIMENTAL
To reveal the nature of GS adsorption capacity, its specific surface and pore size distribution (PSD), the authors of the research studied the adsorption of nitrogen at 77K using Autosorb-1 device (Quantachrome Instruments Co., Florida, USA). The methods of measurements were standard (see the previous article about adsorption properties of thermochemically exfoliated graphite (TEG) [8] ). The level of liquid nitrogen was supported automatically. During measurement, the substance was placed into a quartz ampoule 9 mm in diameter. To reduce the empty volume, a glass rod was used.
The samples for adsorption measurements were small pieces of GS manufactured by the authors of the research [1] .
The substance weight was 1-5 mg in each case. Before measuring adsorption, the GS was heated in vacuum at 300 °С for not less than 24 h, before the leak rate became lower than 10-15 micron/min. To process and present the results, ASWin v1.55 and home-made software were used.
All investigated GS samples were analysed by means of SEM (Hitachi M3000), high resolution SEM LYRA3 XMU (Tescan, Czech Republic), transmission electron microscope (TEM) Tecnai G20 (FEI) and XRD (Japan Rigaku UL-TIMA IV, Cu-Ka radiation λ = 0.154184 nm). 
RESULTS AND DISCUSSION
Figure 1 demonstrates typical GS images with different magnifications. It can be clearly seen that the GS consists of graphene sheets that are well-developed in the base plane (002), entangled and partly interconnected, with folds and wrinkles. The thickness of these sheets was determined from the XRD spectra by the width of the (002) peak [1] . The values obtained for the GS sheet thickness were in the range of 6-16 nm. The individual graphene sheets of GS were examined using TEM [9] . The GS material was placed in isopropanol and dispersed by ultrasound and then a drop of isoprapanol with suspended graphene sheets was applied to the grid for electronic microscopy. For TEM, a copper grid with a holey carbon film (Agar Scientific, UK) was used.
In all the GS samples studied, sheets with a different number of layers from 2 to 40 were found in approximate correspondence with the thickness obtained from the XRD data. A similar range of values of the graphene layers was shown on the multilayer graphene obtained on transition-metal foams by the chemical vapour deposition (CVD) method [10] . The dissolution of carbon in the metal takes place using CVD process [10] and Ni -carbon powder annealing methods [1] . When a carbon atom precipitates on the metal, at the cooling stage, the formation of multilayer graphene sheets occurs. The authors of the research attempted to control the number of layers in multilayer sheets of graphene by controlling carbon weight in the Ni -carbon mix [1] . On the multilayer graphene sheets (Fig. 1e, f) , a non-uniform surface of graphene sheets can be observed; these inhomogeneities could possibly serve as the basis for the formation of micropores (<2 nm). Investigation of adsorption for the GS samples showed that it was well-graphitized carbon material.
Objects of this type are well studied on powder samples of graphitized carbon blacks [11] , [12] . They are characterised by II or IV type isotherms (IUPAC [13] ) depending on the absence or presence of micro and mesopores.
The authors of the research examined the isotherms of GS samples in comparison with the isotherms of other graphitized carbon samples performed by the authors earlier [8] , and also during the present research (Fig. 2a) . According to the characteristic form of adsorption isotherms at low pressures (smaller as ~ 0.01 P/P 0 ), it was clear that they referred to adsorption on a graphite surface. Further increase in adsorption observed for the GS samples at P/P 0~0 .01-0.15 should not occur because the adsorption of the second monolayer N2 onto the graphene surface began only at P/P 0 >0.15 [14] . This increase in adsorption could formally be associated with an increase in the capillary condensation in the presence of pores ~2 nm [15] . However, the authors of the research prefer another explanation.
The upward deviation of adsorption can be explained as follows: at pressures greater than 0.01 P/P 0 , the adsorbed volume on the GS becomes smaller than the volume adsorbed on the ampoule walls, which is explained by the fact that the total amount of adsorbed volume ceases to depend on the mass of the GS and adsorption lines for different GS samples become approximately equal to the empty ampoule adsorption (Fig. 2b ). It should be taken into account that in the instructions of the device manufacturer (Autosorb-1) it is explicitly stated that the area of the measured adsorbent should be 10-15 m 2 . The area and weight of the measured samples are shown in Fig.  2b . The reason for working with such small samples of GS is related to the equipment on which the samples were obtained [1] .
In further research, we believed that the growth of adsorption at pressure above ~ 0.01 P/P 0 was associated with adsorption on the ampoule walls. Fortunately, adsorption at low pressures was associated only with GS, which allowed obtaining positive results.
The distribution of the adsorption potential (APD) for all the samples studied in the research was calculated from isotherms (see Fig. 3 ). The adsorption potential is the energy that is released upon adsorption of N2 molecules on the adsorbing surface. On a homogeneous surface, all places have the same energy, so the filling of the surface with the first layer of molecules occurs in a narrow pressure range. The APD can be regarded as the negative derivative of the adsorption isotherm [3] . Note that the frequency curve of the distribution of APD is normalized to the volume of the monolayer of adsorbate.
The APD of various carbon black adsorbents was considered in [11] , [12] in accordance with the degree of their crystallinity. The APD of highly graphitized samples of Carbopack F with high crystallinity showed three peaks at approximately 5.5, 3.0, and 0.7 kJ/mol. These signals were attributed to the formation of the nitrogen monolayer, to a two-dimensional fluid-solid transition and to the second layer formation, respectively. For the Carbopac X sample with the lowest degree of crystallinity, only the high-energy peak of the formation of the first monolayer at 5 kJ/ mol was manifested. The authors [12] noted that the Carbopack samples with high SSA exhibited lower crystallinity, and they suggested that it might be difficult to obtain highly graphitized carbons with large SSA.
In our case, it may be noted that the closer the width and position of the APD peak for the GS samples to the peak for Carbopac F, the more perfect the structure of the adsorbing surface. For our GS samples in Fig. 3 , only the first peak corresponding to the filling of the first monolayer is clearly manifested, the second peak corresponding to the phase transition is manifested as "noise" due to a small amount of matter in the sample (dashed curves in Fig. 3) . For large samples of the TEG, the peaks at 5.5 and 3.0 kJ/mol are clearly visible. Note, in Fig. 3 , the "ampoule effect" manifests itself in a faster rise in the frequency curve for GS samples that are smaller in weight and area.
One of the main parameters for adsorbents is the specific surface area (SSA). The definition of SSA BET [16] method is recommended and universally accepted [2] , [17] . However, the choice of the isotherm points for the BET approximation in our case for a graphitized surface (P/P 0 <0.12 [9] ) is not sufficiently defined [8] .
The possible range of the obtained SSA values is quite large, even within a high correlation coefficient. In the paper, the authors analysed the use of BET as an approximation for different isotherm sections with a correlation coefficient of at least 0.997 (Fig. 4) .
From the physical point of view, for the application of the BET method, it is necessary to select an isotherm section for which adsorption proceeds only through a multilayer mechanism and processes of volume absorption in micropores or capillary condensation do not increase adsorption.
Another method for determining the SSA described by K.S.V. Sing is a comparative method of "alpha-s" [17] .
The method consists in comparing the investigated isotherm with the reduced reference isotherm (alfa-s) for a nonporous sample. Reduction of the reference isotherm occurs by dividing the values of the isotherm by the value at pressure P/P 0 =0.4. The investigated isotherm is compared with a reference isotherm for a related adsorbent for which a complete absence of pores is asserted and, hence, adsorption proceeds along a multilayer mechanism. At the same time, K.S.V. Sing indicated that in the case of similarity isotherms, SSA can be determined using a simple relation (1) In other words, if there are no other reasons, the difference in adsorption is due to the difference in specific areas.
The selection of another part of the isotherm for the determination of SSA was proposed and substantiated by K. Kaneko [15] , [18] -the subtraction pore effect method (SPE).
The method is based on the fact that at low pressure, at which "alpha-s"<0.5, the pore filling swing occurs, and at higher pressure, when the "alpha-s">0.5 for graphitized materials an increase in adsorption occurs due to beginning of cooperative processes such as capillary condensation.
Therefore, the application of relation (1) occurs at the point "alpha-s"=0.5 or in a small rectilinear section near 0.5 (Fig. 5) . For clarity, it is proposed to connect the origin with the isotherm point for "alfa-s"=0.5 and determine the SSA by the slope angle of the segment. The value "alpha-s"=0.5 corresponds to the relative pressure around P/P 0 =0.01. To plot the curves in Fig. 5 , the volume values on the required isotherm were recalculated to the pressure values on the reference isotherm by the method of linear interpolation.
Determination of the desired area with respect to the angle of the slope is the application of the same relation (2), only to the other point on the scale of pressure:
To verify the performance of a multilayer process, one can construct the ratio (Fig. 6) . The multilayer process -P/P0 ranges from 0.1 to 0.4 -is clearly visible for the non-porous sample "KON" [18] , in which the ratio is approximately equal to 1.
For GS samples, the ratio approaches unity within the range of 0.9-1.1 in the pressure region near P/P 0 =0.01.
It is seen from Fig. 6 that the curves for GS, unlike the curves for a nonporous sample and highly graphitized Carbopack F, raise sharply after a minimum at P/ P 0 ≈0.1. This behaviour could be explained by the presence of a significant number of pores with a size of 2 nm and higher, but in our particular case, the rise is caused by adsorption on the walls of the ampoule. GS samples 1054, 1049, 1120; Sample 1141 F measured on highly graphitized Carbopack F (Aldrich); non-porous samples KON [18] and reference non-porous carbon [19] . Table 1 and Fig. 7 show the results of determination of SSA for a number of GS samples by BET methods in accordance with Fig. 4 and SPE in accordance with Fig. 5 . * The density of GS samples was determined from the ratio of the weight in a dry state with respect to the wet weight (after boiling in water). ** The area of GS samples was determined from the multiplication of the weight of GS onto the SSA determined by the BET method in the range of P/P 0~0 .0004-0.002 Fig. 7 . SSA of GS samples determined with different ways by BET and SPE methodes and P/P0 regions. Lines -trendlines for SSA points. SSA determined at points of P/P0 0.0004 -0.002 had a maximal correlation coefficient 0.9999. These points laid around of maximum at Fig. 8 or around knee at Fig. 2 . Fig. 8 . Weight of GS samples restored from the data of N2 adsorption and XRD measurement. All symbols -weight restored from experimental data for different ways of SSA determination; BET and SPE; P/P0 regions and density ρ values. Lines -trendlines for calculated weight points.
It follows from Fig. 7 that the SSA values for different P/P 0 ranges have different dependencies on the weight of the GS samples. For low P/P 0 pressure less than or equal to 0.01, the SSA values are independent of weight, and for pressure greater than 0.01, the SSA values increase with a decrease in sample weight. The analysis shows that this is due to the fact that the adsorption value for such pressure is determined not by the GS sample but also by the ampoule walls as indicated above (Fig. 2b) .
The GS samples investigated in the first approximation can be represented as a set of multilayer graphene plates (Fig. 1c) with approximately the same thickness and density. The sample weight can be determined from adsorption data and XRD. Using SSA for each sample and its thickness (according to XRD), it is possible to calculate its weight by a simple ratio: (5) where w is the true (by weight) weight of the sample, t is the thickness, ρ is the density. At the same time, it becomes possible to compare different methods for determining SSA and to estimate the density of the objects -multilayer graphene plates based on the fact that the true weight is known. The results of the calculations are presented in Fig. 8 . Figure 8 shows the weight points of the GS samples calculated from relation (5) for the SSA values obtained by the BET method from the pressure range of 0.025-0.12. A large scatter and complete lack of proportionality to the true weight indicate that these SSA values are erroneous and the isotherm path at this pressure range is associated with adsorption on the ampoule walls.
It follows from Fig. 8 that the weight values calculated for smaller P/P 0 values can be equated to the weight of the GS samples under the assumption that the density of multilayer graphene plates is either ρ=1.5 g/cm 3 for SSA in the P/P 0~0 .01 region, or ρ=1.9 g/cm 3 for SSA values determined in the area of the maximum correlation of BET approximation for P/P 0~0 .0004-0.002.
The value of the density of volumetric graphite is 2.3 g/cm 3 and the values from 1.5 to 1.9 g/cm 3 for a multilayer graphene plate are possible. Note that in this case it should be assumed that graphene plates have pores inaccessible to adsorption of nitrogen molecules.
On the other hand, based on the assumption that GS is a collection of multilayer graphene plates with approximately the same thickness, the formula for SSA is as follows: (6) where t is the thickness, ρ is the density of the graphene plate. This formula is equivalent to formula (5) and is needed to check the correlation with another independent parameter -the thickness t obtained from the XRD data.
For each GS sample with specified thickness of the graphene layer, in Fig.  9 the SSA values were obtained by different methods (Fig. 4 and Fig. 5 ) and SSA calculated from the hyperbola formula (6) for two density values ρ=1.5 g/cc and ρ =1.9 g/cm 3 of a multilayer graphene plate. Figure 9 shows that the hyperbolas at such values of the density approximately correspond to the scatter of the experimental values of SSA. Fig. 9 . SSA of GS samples vs thickness of multilayered graphene plates from XRD measurement. Circles, triangles, squares -experimental data for SSA determined in different ways; circles -by SPE metode; triangles -by BET method for P/P0 ~ 0.01; squares -by BET method for points at which BET approximations had a maximal correlation coefficient larger than 0.9999. These points had a range of P/P0 0.0002-0.004. Hyperbolic lines were calculated by formula (6) with density values ρ = 1.5 (upper) and ρ =1.9 g/cm 3 (lower).
Comparison of the initial section of adsorption isotherms for GS and wellgraphitized objects -Carbopac F, graphite milled, TEG -has led to the conclusion that the surface of multilayer graphene plates in the GS is of good quality. The representation of our GS as a set of multilayer graphene plates (Fig. 1c) with approximately the same thickness and density made it possible to calculate the weight of the GS samples with a reasonable assumption of the graphene plate density ρ=1.9 g/ cm 3 . Note that the calculation did not take into account the adsorption at the edges of multilayer graphene plates, which was possible for large graphene sheets.
The longitudinal dimension of the La crystallite can be estimated from the width of the XRD peak (100), the obtained value La~10-12 nm [1] . The longitudinal size of the crystallites can also be estimated from the Raman scattering [20] ; the values obtained are from one to several tens of nanometres. Note that the outer dimensions of multilayer graphene plates range from 0.1 to 1 μm. Under the assumptions outlined above, it is possible to evaluate the methods for determining SSA.
CONCLUSIONS
The research has demonstrated the difficulties of measuring the adsorption of nitrogen on ultralight GS samples with a mass of 1 to 5 mg and a bulk density of 10-15 mg/cm 3 . The reason can be explained by the small area of the adsorbing surface of the samples of GS 0.1-0.3 m 2 , which made it possible to obtain an adsorption isotherm for GS only for low relative pressure P/ P 0 <0.01-0.015 due to the fact that within this pressure range adsorption on the walls of the ampoule does not practically occur (Fig. 2b) . Note that the representation of adsorption data from small objects shown in Fig. 2b is of methodological significance since it has allowed correctly estimating the size of the sample area relative to the effect of adsorption on the surface of the ampoule.
To obtain the SSA value corresponding to its geometric meaning, BET approximation in the range of 0.0004-0.002 P/P 0 should be used for our samples. This range corresponds to the best correlation coefficient of BET approximation and gives the lowest SSA values. From another point of view, this range corresponds to the primary filling of a well-crystallized graphite (or graphene) surface.
Further refinement of the true value of SSA requires additional experiments with GS samples with an adsorbing surface of 5-10 m 2 and independent estimates of the density of the graphene layer.
